The particle sizes of Saharan dust in marine sediment core records have been used frequently as a proxy for trade-wind speed. However, there are still large uncertainties with respect to the seasonality of the particle sizes of deposited Saharan dust off northwestern Africa and the factors influencing this seasonality. We investigated a three-year time-series of grain-size data from two sediment-trap moorings off Cape Blanc, Mauritania and compared them to observed wind-speed and precipitation as well as satellite images. Our results indicate a clear seasonality in the grain-size distributions: during summer the modal grain sizes were generally larger and the sorting was generally less pronounced compared to the winter season.
Introduction
Mineral dust is an important component in the climate system since large amounts ($500 to $4000 Mt) are emitted globally per year (Huneeus et al., 2011) , feeding back on climate through e.g., the oceanic biological carbon pump, the atmospheric energy balance, precipitation and sea surface temperature (Maher et al., 2010; Prospero and Lamb, 2003; Stuut et al., 2008) . When deposited into the ocean, mineral dust can affect the efficiency of the oceanic biological carbon pump as follows: on the one hand the input of dust-related micronutrients increases the oceanic primary production leading to increased carbon fluxes (Jickells et al., 2005; Martin, 1990; Martin et al., 1991) . On the other hand, the ballasting of marine snow aggregates and fecal pellets with dust minerals leads to increased densities and sinking velocities. As a consequence, the time for remineralization of organic matter in the water column is reduced resulting in an increase in the organic carbon fluxes to the deep sea Iversen and Robert, 2015; Ploug et al., 2008a) .
In addition, dust emission, transport, and deposition react sensitively to climate parameters such as rainfall, wind, temperature and vegetation cover (Knippertz and Stuut, 2014) . The physical and chemical characteristics of mineral dust in sediment core records can be used as a qualitative proxy for paleoenvironmental conditions (Rea, 1994) . However, quantitative proxy data are required in order to explain modern temporal variability in dust mobilization, transport and deposition (IPCC, 2007; Stuut et al., 2008) . This information is needed to facilitate the paleoclimatic interpretation of dust in sedimentological records (Caquineau et al., 2002; Scheuvens et al., 2013; Stuut et al., 2005) and to test the representation of the dust cycle in climate models, which are also applied for future climate scenario simulations (Huneeus et al., 2011; Luo et al., 2003; Mahowald et al., 2003) .
In the dust-source region, a certain threshold wind velocity is required to mobilize dust particles. The uplift of coarse dust particles and aggregates larger than 20 lm up to heights of 100 m only occurs during intense dust storms and so-called 'haboobs' (Tsoar and Pye, 1987) . related an anomalously coarse spring dust sample obtained at Barbados to a single African dust storm using satellite photographs. Furthermore, Rea (1994) hypothesized that giant quartz grains in sediment-core records reflect individual high-energetic dust storms. More grain-size data are required to test the hypothesis whether dust storm events as depicted on satellite images are reflected in depositions of anomalously coarse dust downwind from the dust source.
Transport processes can alter the initial particle-size distribution of the released mineral dust. The mean diameter of suspended dust decreases exponentially with atmospheric height (Tsoar and Pye, 1987) . The mean grain size of dust particles decreases horizontally with increasing transport distance due to the preferential gravitational settling of coarser particles (Darwin, 1846; Holz et al., 2004) . Furthermore, the transport distance of dust particles increases linearly with wind speed (Tsoar and Pye, 1987) . Coarser grain sizes of deposited dust in sediment-trap records offshore Cape Verde and in onland dust collectors at M'bour (Senegal) during boreal summer have been related to the seasonal change in the altitude of the dust transport (Ratmeyer et al., 1999a; Skonieczny et al., 2013) . According to these studies, higher-altitude transport of Saharan dust ($3 km height) during summer led to the deposition of a larger percentage of coarser particles at the sampling sites, while most finer particles remained in suspension and could be transported across the Atlantic to the Caribbean . Again, more grain-size data are required to test this hypothesis.
Whereas dry deposition includes the preferential gravitational settling of coarse particles, wet deposition after in-cloud scavenging results in the settling of increased amounts of submicron particles (Jung and Shao, 2006) . Dust deposited during summer-rain events at the sampling site M'bour (Senegal) (Fig. 1 ) features a larger volume percentage of fine particles <10 lm (Skonieczny et al., 2013) . These latter authors relate the larger component of finer particles to the scavenging of these smaller particles from higher altitudes due to precipitation.
We hypothesize that a complex interplay of factors including transport and depositional processes and the wind speed in the source region are responsible for seasonal variations in the modal grain size of deposited Saharan dust. We therefore investigated a dataset of dust deposited in sediment-traps off Cape Blanc between 2003 and 2006 . Based on grain-size analysis and meteorological data as well as satellite images, we aim to answer the following questions:
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Particle diameter g Acceleration due to gravity KD 2 Settling velocity L Distance traveled by a suspended particle U Wind speed e Coefficient of turbulent exchange q s Density of the particle l Dynamic viscosity of air Fig. 1 . Locations of the sediment-trap moorings CB (yellow circle) and CBi (red circle) offshore Cape Blanc and the environmental conditions during boreal winter (a) and boreal summer (b) in the area under investigation. Note the seasonal change in predominant dust source regions (orange boxes, illustrated after Stuut et al. (2005) , Goudie and Middleton (2001) , Knippertz and Todd (2010) , Schepanski et al. (2007) (1) What is the seasonal variability in particle size of mineral dust in marine sediments over the period [2003] [2004] [2005] [2006] ? (2) Can we distinguish dust-storm events, observed from satellite images, from background dust in marine sediments based on (modal) particle size? (3) What is the influence of meteorological parameters (wind speed, precipitation) on the modal particle size of dust in marine sediments off Cape Blanc?
2. Study site
Atmospheric setting
The sediment trap mooring sites CB (mesotrophic, $21°16 0 N, $20°48 0 W) and CBi (eutrophic, $20°45 0 N, $18°42 0 W) are positioned in the northeastern (NE) equatorial Atlantic Ocean offshore Cape Blanc (Mauritania) at about 200 and 80 nautical miles from the coast, respectively. This region offers an excellent opportunity to study modern dust mobilization, transport, and deposition since about 50 Mt of dust are deposited between the African coast and 35°W each year (Yu et al., 2015) . An additional advantage of this study area is the lack of fluvial input (Ratmeyer et al., 1999b) .
The meteorology of the study area is controlled by the seasonal variability in insolation. Over the western African continent the core of the Intertropical Convergence Zone (ITCZ) shifts meridionally from $12°N during winter to $21°N during summer (Nicholson, 2009 ). This implies a seasonal change in precipitation and winds over the African continent, which is strongly related to dust mobilization and transport offshore Cape Blanc (Prospero and Nees, 1977) . Rainfall at about 20°N (latitude of our study site) is most intense during summer and fall in West Africa and is related to the monsoon and the northward propagating ITCZ. During late summer the rain belt is associated with a large core of rising air lying between the African easterly jet (AEJ) and the tropical easterly jet (TEJ), a region which corresponds to the southern track of the African easterly waves (AEWs) at $10°N (Nicholson, 2009) . A smaller branch of rising air with smaller amounts of rainfall exists in the region of the surface expression of the ITCZ and the northern track of the AEWs at $21°N (Nicholson, 2009) .
During boreal winter, dust is transported predominantly from Mauritania and the coastal areas of Western Sahara to the sediment-trap mooring sites within the low-level NE trade winds, which are part of the large-scale northern Hadley cell (Hamilton and Archbold, 1945; Stuut et al., 2005) (Fig. 1a) . The maximum wind speed of the NE trade winds is $50 km h À1 near the surface, however NE winds blow up to altitudes of 3 km ( Fig. 2a ) (Stuut et al., 2005) . Dry NE surface winds laden with dust on the African continent are locally known as 'Harmattan', which translates to 'wind that carries dust' (Dobson, 1781) . Strong dust-storm events during winter may evolve due to the penetration of cold air with high wind velocities from higher latitudes to lower latitudes (Knippertz and Fink, 2006) . During boreal summer, the main source area for dust transported offshore northwestern (NW) Africa is the Sahel, especially Mauritania and Mali (Knippertz and Todd, 2010; Middleton and Goudie, 2001; Schepanski et al., 2007) (Fig. 1b) . The lower atmosphere is characterized by NE trade winds, which transport significant amounts of dust when having an overland trajectory . In the Caribbean, Saharan air has been identified as an isentropic layer of warm and dry air bordered by two strong inversions. This layer of Saharan air has been denoted the 'Saharan Air Layer' (SAL) based on its continental origin, characteristics, and spatial homogeneity Diaz et al., 1976; Prospero and Carlson, 1972) . The SAL frequently contains high dust concentrations and is situated between $0.6 km (950 hPa) and $5.5 km (500 hPa) offshore NW Africa . Strong dry boundary layer convection on the African continent during summer and fall leads to the entrainment of dust into the SAL. When the ITCZ and the low-level monsoonal flow move northwards, the dust-containing SAL is lifted above the cooler monsoonal air masses. The AEJ blowing at an altitude of >3 km (700 hPa) leads to a westward movement of the SAL and accompanying dust particles . The strength and direction of the dust transport is also connected to the passage of AEW disturbances (Jones et al., 2003) . On satellite images (Fig 2b) , the Saharan air including the dust front can be observed in a relatively cloudfree area away from the AEW track which exhibits pronounced bands of clouds. Wind velocities within the SAL are maximum at an altitude of $3-4 km (600-700 hPa) with 70 km h À1 in the area of the Cape Verde islands . Amplified moist convection during summer can trigger strong dust-storm events, or haboobs (Knippertz and Todd, 2010) . During spring, dust-storm events occur most frequently and dust is sourced from a large area centered on Mauritania and Mali . This is also the season of generally high dust deposition fluxes on the Senegalese margin (Skonieczny et al., 2013) . During spring, cyclonic storms favoring the emission of dust occur more frequently over the African continent owing to the large temperature contrast between the cold mid-and high latitudes and quickly heating subtropical landmasses (Knippertz, 2014) . During fall, atmospheric dust loadings are generally low (Knippertz and Todd, 2012) .
Oceanic setting
The surface water circulation offshore Cape Blanc is influenced by two wind-driven surface currents: The southward-flowing Canary Current (CC) and the poleward-flowing coastal countercurrent or Mauritania current. Owing to the seasonal shift in atmospheric circulation the surface currents shift seasonally off Cape Blanc. During winter and spring, the sediment-trap mooring locations are overlain by the CC which becomes detached from the continental margin at these latitudes. During summer, the mooring locations are within the influence of the poleward flowing coastal countercurrent. Below, the deeper water masses include the poleward flowing undercurrent extending down to water depths of 1000 m (Mittelstaedt, 1991) . The poleward flowing South Atlantic Central Water (SACW) is situated below the countercurrent (Mittelstaedt, 1991) .
As has been shown by previous studies, the grain sizes of aerosol samples, sediment trap and surface sediments at site CB resemble each other well, hence horizontal advection of particles in the water column while sinking towards the sea floor is considered minimal (Ratmeyer et al., 1999b; Stuut et al., 2005) . In addition, deep-sea sediment-trap studies in combination with particlecamera investigations at site CBi suggest that little particle transformations occur between the surface waters and the deep ocean . At site CB, particles have been estimated to sink with a high mean settling speed of $240 m d À1 (Fischer and Karakas, 2009) . High particle sinking velocities in the study area are the result of aggregate formation and ballasting of the marine snow aggregates and fecal pellets with dense carbonate, opal and Saharan dust particles (Fischer and Karakas, 2009; Iversen and Robert, 2015; Ploug et al., 2008b) . Aggregate formation and ballasting is most important in the surface waters (less than 250 m water depth) . The incorporation of dust particles in larger marine aggregates and fecal pellets is the mechanism by which finegrained dust particles are transported from the surface ocean to the deep sea (Ternon et al., 2010) .
Material and methods
Sediment-trap samples
The samples of six sediment-trap deployments at the sediment trap mooring stations CB (mesotrophic) and CBi (eutrophic) during 2003-2006 were chosen for grain-size analyses (Table 1 ). The distance between the sampling locations CB and CBi is $250 km. The upper traps of site CB and CBi sampled at a water depth of $1300 mbsl. The lower trap at site CB sampled at a water depth of $3600 mbsl.
The sediment traps are conical and of the type Kiel (model SMT-230/234/243) with an opening of 0.5 m 2 and fitted with a 1 cm 2 grid at the top. Twenty sample cups rotated according to a preprogrammed sampling interval (Fischer and Wefer, 1991) . The sampling intervals of the traps were synchronized between the two mooring stations during most of the time, enabling an excellent comparison between the two sites. The sampling interval ranged from 10.5 days to 23 days (Table 1) . Deployment and recovery of the chosen sediment-trap samples was executed during the expeditions M58/2, POS310, M65/2 and POS344 (Bleil et al., 2006; Fischer and Ruhland, 2008; Krastel, 2006; Meinecke, 2005) . Individual working steps related to trap deployment and treatment are described in Fischer and Wefer (1991) . Prior to deployment, the sampling cups were filled with ambient seawater. 100 g NaCl suprapur was added to 1 l seawater and from this 20 ml was added to each sample cup to increase the salinity from 35‰ to 40‰. As a result, the water density inside the cups was larger than the ambient seawater leading to minimized outflow of water during sampling. Further, the cups were poisoned with 1 ml of a saturated solution of HgCl 2 in seawater per 100 ml of filtered seawater. Consequently, microbial and zooplankton activity in the samples was inhibited, which can alter the sediments via organic material consumption and particle remineralization (Buesseler et al., 2007; Fischer et al., 1996) . After recovery, the particulate material was sieved through a 1 mm mesh to remove swimmers. Subsequently, the samples were split into five equal aliquots with the aid of a McLane rotary liquid splitter. For grain-size analysis, 1/25 split of the original sample was used. When interpreting sediment-trap data the following possible limitations and biases should be taken into account. First, ocean currents and the tilt of the sediment trap affect the particle collection efficiency: for current velocities >12 cm s À1 the collection efficiency decreases with increasing current speed and with decreasing particle mean diameter and settling velocity (Baker et al., 1988) . However, Aanderaa current meter data from mooring site CB reveal current velocities rarely exceeding 12 cm s À1 at water depths of $3600 m , and a study on the trapping efficiency of several sediment traps moored at different depths indicates that significant undertrapping only occurs at less than 1200 m water depth (Yu et al., 2001) . Second, the exact collection area of the traps cannot be determined accurately since there are no quantitative particle settling rates and horizontal advection data available for the area. Hence, limitations in the comparison of trap data with local meteorological data should be considered. Assuming a mean particle vertical settling velocity of (Fischer and Karakas, 2009 ) and a mean horizontal current speed of 3.75 cm s À1 (Mittelstaedt, 1991) , the horizontal length scale of the upper trap catchment is roughly 20 km whereas the lower trap at site CB might have a horizontal length scale of roughly 50 km. This is in agreement with the findings of Siegel et al. (1990) , giving a general horizontal length scale of approximately 15-60 km for a trap at 1000 m and 60-120 km for a trap at 4000 m water depth.
Grain-size analysis
Grain-size analyses (see also Filipsson et al. (2011 ), Meyer et al. (2013 and Stuut (2001) for methodology) were carried out to analyze transport and deposition of Saharan dust. However, the recovered sediments consisted not only of mineral dust but also of a large proportion of biogenic silica, calcium carbonate, and organic material originating from marine plankton. In order to isolate the lithogenic material, which is the fraction of interest in the samples, all biogenic material was removed with the following chemicalpretreatment steps: (1) the organic matter was oxidized by adding 10 ml H 2 O 2 (35%) to the sediment sample and by subsequently boiling the sample until the reaction stops, (2) calcium carbonate was dissolved by adding 10 ml HCl (10%) to the sediment sample and by subsequently boiling the mixture for exactly 1 min and (3) biogenic silica was dissolved via adding 6 g of NaOH pellets to the sediment sample and by boiling the mixture for 10 min. Before analysis, each sample was boiled shortly with 10 drops of Na 4 P 2 O 7 ⁄ 10H 2 O and stirred to assure the full disaggregation of the particles. The samples of CBi-3 were centrifuged in order to speed up the laboratory work. However, after centrifugal treatment, some samples developed aggregates. Hence, additional treatment in the ultrasonic bath for one minute was required for the samples of CBi-3 to assure disaggregation. Each sample was analyzed using the laser particle sizer Beckmann Coulter LS13320 with addition of a Micro Liquid Module (MLM) since this instrument allows quick, accurate, and precise data acquisition of large size intervals (Stuut, 2001 ). Laser-diffraction particle sizers have been shown to produce accurate and precise measurements of glass-bead standards and mixtures of those [Stuut, 2001] . The precision of the instrument and systematic errors with respect to the modal grain size have been estimated using an internal glass-bead standard A6. The mean precision of the instrument is ±1.26 lm (±4.00%) for the measured modal grain size range of our samples (10-55 lm).
The systematic error with respect to the detector center 31.51 lm can be as large as +3.08 lm (+9.77%), while the mean deviation is only +0.84 lm (2.67%) which is below the mean estimated instrument precision. Hence, an analytical error of ±1.26 lm (±4.00%) was considered for the results. The accuracy of the grain-size distributions has been verified by measuring the external standard G15 offered by Beckmann Coulter. The resulting mean and standard deviations of the grain-size distributions were within the limits given by the company.
Satellite images and meteorological data
The obtained grain-size time-series of the upper trap deployments CBi 1-3 was correlated to available local meteorological data (wind speed, precipitation) and compared with available near-by continental meteorological data (dew point, temperature, wind direction, wind speed, pressure, visibility). In addition, the grain-size time-series was compared to available satellite quasitrue color images.
Local daily zonal wind-speed data (20th Century Reanalysis V2 dataset) for specific atmospheric levels was provided by the NOAA physical science division, Boulder, Colorado, USA on their web site (http://www.esrl.noaa.gov/psd). The zonal wind speed was downloaded for the atmospheric levels 1010 hPa to 500 hPa using a grid point in the dataset (22°N, 20°W) with coordinates closest to mooring station CBi ($20°45 0 N, $18°42 0 W). Local daily precipitation data (TRMM dataset) was taken from the Giovanni online data system, developed and maintained by the NASA GES DISC (http://gdata1.sci.gsfc.nasa.gov). The daily precipitation data was downloaded as area-averages around CBi (20°33 0 -20°48 0 N, 18°36 0 -18°43 0 W) according to the assumed catchment area of the upper trap (40 Â 40 km 2 ). Continental hourly weather data from the Nouadhibou meteorological station (20°55 0 N, 17°1 0 W) (see Fig. 2b for the location of Nouadhibou) was ordered online from the Cedar Lake Ventures website (https://weatherspark.com). Satellite quasi-true color RGB images (MODIS dataset) were provided by the NASA Ocean Biology Distributed Active Archive Center (OB.DAAC), Goddard Space Flight Center, Greenbelt MD on their website (http://oceancolor.gsfc.nasa.gov).
Results
Grain-size analysis
Grain-size distributions
The Coulter LS13320 laser particle sizer was used to measure the frequency of each particle-size bin (particle diameter) in volume percentages. For the calculation of the particle volume each particle was assumed to be spherical (Syvitski, 1991) . In Fig. 3 typical winter and summer grain-size frequency distributions are shown. The seasons were defined based on the astronomical calendar. Measured particle sizes ranged from 0.4 lm to 250 lm. Particles smaller than 0.4 lm could not be detected by the Coulter laser particle sizer. A common characteristic of the measured grain-size distributions was the coarse shoulder in the size spectrum between $100 and 250 lm. This has been observed before (Glaccum and Prospero, 1980) and is related to the platy shape of mica particles with an aerodynamic size smaller than their optical size (Stuut et al., 2005) . The particle-size distribution of the summer samples was generally wider and showed larger volume percentages of submicron particles and particles with sizes above 100 lm compared to the winter distributions. Hence, the standard deviation (r) was larger for the summer samples than for the winter samples. The standard deviation is a measure of the sorting of the grain-size distribution: the larger the standard deviation the weaker the sorting. Thus, the summer samples were characterized by a weaker sorting than the winter samples.
The grain size for which the grain-size distribution shows the highest frequency is called the modal grain size (Basu and DasGupta, 1997) . The three year grain-size time-series mainly exhibits unimodal grain-size distributions (Fig. 3) which are a typical feature of aeolian sediments (Pye, 1987) . Bimodal grain-size distributions are evident for $7% of the samples and were only observed for sediment-trap samples with a relatively long sampling interval of 21 or 23 days (not shown). The modal grain sizes ranged from $10 to $55 lm in the entire material analyzed for this study (Table 1) . In a seasonal plot of modal grain sizes of the upper trap samples (Fig. 4a) , the summer samples exhibited generally coarser modal grain sizes than the winter samples. The modal grain sizes peaked during summer with a maximum of 55 lm. Furthermore, a larger spread in the modal grain sizes for the summer and spring samples was evident. The seasonal cycle was underlain by 'background dust' having modal grain sizes of 10-25 lm. Larger modal grain sizes of >25 lm can be found throughout the year.
However, they are more abundant during spring and summer. Similar to the upper trap series the modal grain sizes of the lower trap series vary seasonally. However, peak modal grain sizes were shifted to late summer and early fall (not shown).
The online daily database of quasi-true color satellite images was checked for dust storm events by investigating each day of the sampling intervals of the upper trap CBi (Table 1) . For 14 samples from site CBi with coarse modal grain sizes (>25 lm), deposition occurred during time intervals including a dust storm event, as illustrated by the satellite images. The modal grain sizes of these 14 samples deposited during dust storm events are displayed in blue color in Fig. 4a together with satellite images illustrating the dust storm events (Fig. 4c-f ).
Spatial variability
We compared modal grain sizes from the two trap sites in order to analyze possible changes in grain-size distributions with increasing distance from the dust sources. A clear spatial trend could be observed when comparing the mean modal grain size of the two sediment trap mooring sites (Fig. 5) . A mean modal grain size of 24 lm was calculated using the modal grain size values from three years of the upper trap series CBi 1-3. In contrast, the average modal grain size from two years of the lower trap series CB 15-16 was finer with 19 lm. This difference is even larger when comparing the synchronous samples from the two upper trap series of CB 14 and CBi 1: the time-series from the upper trap, CBi 1, showed a mean modal grain size which was coarser by 7 lm than in the upper trap time series CB 14 (Fig. 5) . A mean sorting of 3 lm was calculated for three years of the upper trap series CBi 1-3. The lower trap series CB 15 and 16 featured a better mean sorting of 2.7 lm for a time frame of two years. The mooring CBi was located closer to the source than CB. Hence, the mean modal grain size decreases and the sorting increases with increasing distance from the African continent.
The lower sediment trap series from CB 16 showed peaks in the modal grain size which were similar to those observed for the upper trap series CBi 3. However, there was a time delay of one sampling cup between the peaks observed in the upper and the lower traps (Fig. 5) . Two modal grain-size peaks in the lower trap of CB 16 that could not be recognized in the upper trap CBi 3 exhibited a bimodal grain-size distribution. The grain sizes of the upper trap series CBi 2-3 and lower trap series CB 15-16 have been correlated respectively. The bimodal distributions in the time series of CB 16 were excluded from the correlation, and the grain sizes as well as the lithogenic fluxes of the lower trap series were shifted by one sampling interval. A correlation above a coefficient of determination (R 2 ) of 0.2 is considered significant at the 99% confidence level for two-tailed probabilities. A positive correlation significant at the 99% confidence level (R 2 = 0.3) was found for the modal, median and mean grain sizes and the standard deviations of the grain-size distributions (not shown).
Seasonal variability
The sorting and modal grain sizes of the samples differed not only depending on the distance to the source but also depending on the season during which the dust was transported and deposited. For inter-seasonal comparison, mean sortings and modal grain sizes for each season have been calculated for the samples of the upper trap series at CBi 1-3. The samples that are characterized by dust-storm events occurring during the sampling interval have been included in the calculation. An advantage of the upper traps for seasonal investigation was the shorter transport pathway of the particles in the water column compared to the lower traps. It has been suggested that particles off Cape Blanc sink with 5 m d À1 to 732 m d À1 (Ploug et al., 2008a) . This indicates that the upper traps will most likely show signatures from a recent dust storm while the deep ocean traps could have sampled dust particles from anything between a few weeks ago until several months ago. This complicates the correlation of the particle signal of the lower traps to environmental factors for a certain time interval. Therefore, the lower traps are not considered in this section. A tendency to broader and coarser grain-size distributions of the summer samples as opposed to the winter samples is visualized in Fig. 6a . The mean modal grain size was around 29 lm for the summer months as opposed to the winter months, which were characterized by a smaller mean modal grain size of 22 lm.
Whereas summer samples were characterized by a weaker mean sorting of 3.1 lm, the winter samples featured a mean sorting of 2.9 lm. Both spring and fall featured intermediate mean modal grain sizes of 23 lm. Moreover, spring and fall samples were characterized by an intermediate mean sorting of 3.0 lm (not shown).
The sorting of a grain-size distribution can also be derived by dividing the mean by the modal grain size (Fig. 6b) . Values <1 indicated that the grain-size distribution was asymmetric and skewed to the left. For coarse samples (modal grain size >25 lm), an average sorting of 0.5 was derived for summer and 0.7 for winter. When taking into account dust-storm events during sampling intervals, a tendency towards weaker sorting was found for the anomalously coarse summer samples that deposited during sampling intervals including dust-storm events. Therefore, summer samples with anomalously coarse modal grain sizes and duststorm events during the sampling interval were characterized by more asymmetric and left-skewed grain-size distributions.
Interannual variability
The modal grain-size time series in Fig. 5 illustrates the interannual variability over the time period of three years. For all sediment trap samples studied, the modal grain size was at its maximum in September 2005 with $55 lm and at its minimum in February to March 2005 with $10 lm.
In Table 2 seasonal and annual averages of modal grain sizes and sortings are given for the upper sediment trap series CBi 1-3. The grain-size data of the site CB was not used for interannual comparison, because the data was obtained from one upper trap series and two lower trap series which biases a comparison. The largest year-to-year variation in mean modal grain sizes was observed for the spring season and the smallest spread for the fall season. In contrast, the interannual variation in the mean sorting was largest for the fall season and smallest for the winter season. 
Wind-strength and precipitation
For comparison with concurrent atmospheric conditions (wind strength and precipitation) only the modal grain-size data of the upper sediment trap series CBi 1-3 was used, because of the shorter time delay in the seasonal signal compared to the deeper traps. A time delay of two days was assumed for the particles to sink to the upper trap, from the ocean's surface to 1300 m depth, since large zooplankton fecal pellets can sink with a speed of 732 ± 153 m d À1 (Ploug et al., 2008b) . Hence, a time shift of two days ahead in time was applied to the wind-strength and precipitation data to enable a comparison to the upper trap modal grainsize data for the respective sampling period. In order to correlate the wind-strength data to the grain-size data, the mean zonal wind strength (for easterly directions only) at different atmospheric levels (1010-500 hPa, $10-5500 m height) was calculated at the trap site for the respective sediment-trap sample time interval with a time shift of two days ahead in time. A correlation above a coefficient of determination (R 2 ) of 0.5 is considered significant at the 99% confidence level for two-tailed probabilities.
In Fig. 7 the modal grain sizes are plotted versus the corresponding mean easterly zonal wind speed at 1000 hPa (nearsurface winds) for the winter season. A positive correlation was evident for the modal grain sizes of the background dust (10-25 lm) and five different low-level winds (wind strength at 1010 hPa, 1000 hPa, 950 hPa, 900 hPa and 850 hPa) with a coefficient of determination of R 2 = 0.8 which is significant at the 99.9% confidence level. The two coarse modal grain size events (>25 lm) during February and March 2004 were excluded from the regression since they are far off a linear relationship at any atmosphere level we checked. The linear regression line crosses the y-axis at y %10 lm. The coefficient of determination decreases from R 2 = 0.8 to R 2 = 0.5 with increasing altitude in the atmosphere between the 850 hPa and 700 hPa levels. At the atmospheric levels 650 hPa and 500 hPa no significant correlation was observed at the 99% confidence level (R 2 < 0.5). A significant positive correlation at the 99-99.9% confidence level (0.5 < R 2 < 0.8) between the easterly zonal wind speed at 1000 hPa and the modal grain size (10-25 lm)
was found when mean easterly wind strengths were calculated for the sampling period of the traps with time shift of 1 and 3-7 days ahead of the sampling time period. The best positive correlation was found when relating the modal grain size (10-25 lm) to the mean easterly wind speed at 1000 hPa during the sampling interval without a time shift of the wind speed data (R 2 = 0.9, significant at the 99.9% confidence level). During the other seasons no significant positive correlation between the modal grain sizes and the mean wind strength was observed (R 2 < 0.3 which is below the 95% confidence level).
In order to study the influence of precipitation on the grain-size distribution of the deposited dust, the modal grain size of each sample was plotted versus the number of rain events (for precipitation >0.2 mm d
À1
) around the CBi trap site during the respective sampling intervals, shifted two days ahead. Again, a correlation above a coefficient of determination (R 2 ) of 0.5 is considered significant at the 99% confidence level for two-tailed probabilities. For the summer months a positive correlation (R 2 = 0.7) was found to be significant at the 99.9% confidence level (Fig. 8a) . In addition, the number of rain events were weighted against the sampling interval by dividing the respective number of rain events by the length of the respective sampling time interval. When weighting the number of rain events by the sampling interval of the traps the correlation was weaker but still evident (R 2 = 0.6) at the 99% confidence level (Fig. 8b) . A positive correlation significant at the 99% confidence level (R 2 > 0.5) between the number of rain events above the mooring location and the modal grain size was also detected when no time shift was applied, and for time shifts of 1 or 3-7 days ahead in time of the meteorological data. No significant positive correlations with precipitation were detected for the other seasons at a confidence level of 99% (R 2 < 0.15 which is below the 90% confidence level). In general, dust deposited during dry summer intervals showed finer modal grain sizes than dust deposited during sampling intervals including rain events. Summer samples from wet sampling intervals are characterized by a larger number percentage of large grains around 30-100 lm compared to summer dust deposited during dry intervals. In addition, the summer samples deposited during wet intervals are characterized by a larger number percentage of small grains around 0.4-0.7 lm.
In Table 3 the meteorological data of the airport station at Nouadhibou, Mauritania, is provided of occasions when possible cold fronts moved towards the mooring locations. Cold fronts are characterized by a sudden increase in dew point temperature, surface pressure, wind speed and dust concentration and a decrease in temperature (Knippertz et al., 2007) . The cold fronts identified based on these characteristics (Table 3 ) from the Nouadhibou airport station data occurred predominantly in the afternoon. Most importantly, the assumed cold fronts appeared during sampling time intervals with coarse modal grain sizes (>25 lm) of the dust deposited offshore Cape Blanc. Please note that satellite quasitrue color images of dust storm events were available for the days 22. 09.2003, 03.10.2003 and 12.10.2005 when cold fronts occurred ( Fig. 4c and e) .
Discussion
Grain-size distributions of proximal NW African dust
The predominantly unimodal grain-size distributions, typical for wind-blown sediments (e.g., Sarnthein et al., 1981) compare well to other grain-size studies of mineral dust in the region (Holz et al., 2004; Koopmann, 1981; Mulitza et al., 2010; Ratmeyer et al., 1999a Ratmeyer et al., , 1999b Skonieczny et al., 2013 Skonieczny et al., , 2011 Stuut et al., 2005; Tjallingii et al., 2008) . Saharan dust sampled off western Africa on filters with a minimum temporal resolution of four hours, and dust sampled in dust collectors situated in Senegal with a minimum temporal resolution of seven days, also showed almost entirely unimodal grain-size distributions (Skonieczny et al., 2013 (Skonieczny et al., , 2011 Stuut et al., 2005) . Considering the lower temporal resolution (21-23 days) of time series CB 15-16 and CBi 2-3, the collection of multiple dust outbreaks in one cup was likely and might explain the apparent existence of unusual bimodal grain-size distributions for these time-series. Bimodal grain-size distributions might be the result of the deposition of dust that has traveled short as well as long distances within the atmosphere or strongly varying wind speeds of the dust-transporting atmospheric layers during the sampling time interval.
The measured maximum particle sizes of Saharan dust (250 lm) (Fig. 3) deposited off Cape Blanc are in agreement with the recorded particle-size range of dust collected off the northwest African continent. Stuut et al. (2005) frequently observed particles with sizes up to 200 lm on dust filter samples collected along the western African coastline. Further, dust particles larger than 100 lm have been recorded in sediment cores retrieved from the Cape Verde Terrace (Matthewson et al., 1995) , off Morocco (McGregor et al., 2009) and off Cape Blanc (Filipsson et al., 2011) (Fig. 1) . In addition, dust collected at an altitude of 170 m on air filters during an aircraft flight near Sal island revealed mica flakes with diameters up to 350 lm and quartz particles with diameters up to 90 lm (Glaccum and Prospero, 1980) . Hence, the observed particle sizes of the dust deposited in the traps under investigation are within the typical size ranges of dust observed in the study area. The grain-size distributions of this study showed a coarse shoulder between $100 and 250 lm (Fig. 3) . Stuut et al. (2005) also observed a coarse shoulder in the grain-size distributions for modern dust sampled offshore NW Africa. These authors argued that the coarse shoulder represented platy particles with large diameters such as micas. The Stokes terminal settling velocity is smaller for platy particles than for spherical particles of similar diameter (Santamarina and Cho, 2004) . When taking into account the observed wind speeds of easterly direction in the study area, which are on average 5 m s À1 and rarely exceeding 10 m s
À1
, it is unlikely that large spherical particles have been transported continuously to the sediment trap moorings. Therefore, the coarse shoulder in the grain-size distributions of the trapped dust has most likely been caused by large particles of the platy types. (Ratmeyer et al., 1999b; Schulz et al., 1994) . In addition, the mean modal grain size of 24 lm obtained for the three years of the upper trap series CBi 1-3 is consistent with the value of 23 lm found in surface sediments of sediment core GIK 12328-4 (Koopmann, 1981; Seibold, 1972) . Further, a Q-mode analysis (Kipp, 1976) using the grain-size data of 84 surface sediments showed a maximum occurrence of a modal grain size of 24 lm centred around 16-21°N and 20°E off NW-Africa (Sarnthein et al., 1981; Seibold, 1972) , which is close to where the sediment trap mooring site CBi is positioned. The modal grain size of the collected dust decreased from the proximal mooring site CBi to the more distal mooring site CB (Fig. 5) . Tsoar and Pye (1987) showed that the distance (L) traveled by a suspended particle obeying Stokes' Law is dependent on a transport component (U2e) as well as the gravitational settling speed of the particle (K 2 D 4 ). This dependency is expressed in the
, where U is the wind speed, e is the coefficient of turbulent exchange, K = q s g/18l, where q s is the particle density, g is the acceleration due to gravity, l is the dynamic viscosity of air and D is the particle diameter (cm). Hence, the distance traveled by a particle decreases with decreasing wind speed and coefficient of turbulent exchange as well as increasing particle density and size. Assuming a comparable wind speed and coefficient of turbulent exchange between the two mooring sites, the distance a particle travels in the study area increases with decreasing size and density (L $ 1/K 2 D 4 ). Thus, size-dependent gravitational settling was one major mechanism by which Saharan dust deposited at our sampling sites since the modal grain size decreased with increasing transport distance. The downwind decrease in modal grain size of deposited Saharan dust offshore NW-Africa has been attributed to gravitational settling also previously (Darwin, 1846; Fütterer, 1980; Hellmann and Meinardus, 1901; Holz et al., 2004; Koopmann, 1981; Morales, 1986; Radczewski, 1939; Sarnthein et al., 1981; Semmelhack, 1934; Tsoar and Pye, 1987; Weltje and Prins, 2003) and is confirmed by our data. Hence, gravitational settling seems to be an overall mechanism by which the particles deposit in the eastern Atlantic .
Dust-storm events
The grain-size data of sediment trap mooring site CBi showed anomalously coarse modal grain-size events (>25 lm) simultaneously with dust storm events year-round (Fig. 4c-f) . Spring was generally characterized by a high frequency of dust-storm events in large parts of Northern Africa as a consequence of the large temperature contrast between the cold mid-and high latitudes and quick heating of subtropical landmasses (Knippertz, 2014) . As a result, energy for strong synoptic-scale disturbances is provided leading to cyclonic storms with sharp cold fronts (Knippertz, 2014; Rea, 1994; Schütz et al., 1981) . Knippertz et al. (2007) described such a dust storm event from June 6th 2006 (see satellite image in Fig. 4f ) and related it to density currents in the Atlas mountains with enhanced surface wind speeds. Intensified moist convection in mountainous regions and associated rainfall result in the evaporational cooling of hot and dry air masses below and consequent downhill acceleration of cold air which mobilizes dust along the fringes of the mountains (Knippertz et al., 2007) . Thus, the development of density currents in the Atlas mountains might be a mechanism eventually leading to anomalously coarse dust deposits off Cape Blanc during spring. The sediment trap samples collected during the summer season were characterized by frequent coarse grain-size events in combination with dust-storm events (Fig. 4c-f ). In addition, cold fronts have been identified in Mauritania (Table 3) occurring during three sampling intervals with coarse modal grain-size events. The grainsize data of the upper trap time series CBi 1-3 further suggested that the modal grain size during summer was related to the frequency of rainfall events at the mooring location ( Fig. 8a and b) . A summer dust storm event occurring on July 17th 2006 during the sampling interval of an anomalously coarse dust sample has been described by Knippertz and Todd (2010) . Satellite images showing dust storm events offshore NW Africa are available for July 19th (not shown), 20th (Fig. 4f), and 23rd (Fig. 2b) which might correspond to the documented event on July 17th 2006. The event on July 17th 2006 was characterized by a strong cyclonic vortex associated with an AEW that was situated over eastern Mali and traveled to western Mauritania the next day. As a result, easterly winds, to the northwest of the cyclonic center and convective cold pools, enabled the mobilization of dust which was subsequently transported offshore in the northeasterly flow (Knippertz and Todd, 2010) . Moist convection is shown to be connected to the passage of AEW disturbances (Nicholson, 2009 ) and has been identified as a key mechanism for dust emission during the summer season (Knippertz et al., 2007; Knippertz and Todd, 2010; Svenningsson et al., 1997) . The so called ''haboobs" refer to largescale dust-storm events which result from cold fronts caused by moist convection (Knippertz and Todd, 2012) . At the leading edge of the cold front very sharp increases in wind speeds and particle concentrations typically occur (Knippertz, 2014) . Field and laboratory wind tunnel experiments indicate that dust particles >20 lm will be lifted up to 100 m in the atmosphere only with intense vertical air mixing (Pye, 1987) . Hence, an increase in moist convection and surface wind speeds due to the passage of intensified AEW disturbances could have resulted in an enhanced entrainment of coarser particles into higher altitudes of the SAL. The rainfall events over the sediment trap sites (Fig. 8a and b) could be connected to these intensified AEW disturbances over the West African continent. During summer the dust front above the mooring locations can be observed to the east of a dense band of clouds which is in turn coupled to large-amplitude African disturbances (Fig. 2b) . Therefore, a possible enhanced entrainment of coarser particles into higher altitudes of the SAL as well as increased rainfall over the mooring sites could be both the result of intensified AEW disturbances traveling from the West African continent across the Atlantic Ocean.
Cold fronts were also identified for three anomalously coarse dust samples collected during fall 2003 and 2005 (Table 3) . Hence, cold fronts could also be a mechanism resulting in the increased emission and transport of coarse particles offshore Cape Blanc during fall.
Two winter samples feature anomalously coarse modal grain sizes which were sampled during two prominent dust storm events occurring on February 3rd and March 4th 2004 (Fig. 4d) . The observation of anomalously coarse winter samples has also been made by Charles Darwin on the H.M.S. Spey in 1838. He interpreted the dust to have been raised via a squall from the African coast (Darwin, 1846) . The dust storm event during March 2004 (Fig. 4d) has been studied by Knippertz and Fink (2006) . These authors explained that the dust storm event was caused by an intensification of a subtropical anticyclone over the Atlantic Ocean due to the penetration of cold air and strong winds into lower latitudes. The intensification of the anticyclone was accompanied by a cyclogenesis over the central northern Sahara, strong northerly winds over the northern Sahara and little rainfall. On March 3rd, near-surface winds were enhanced to 20 m s À1 over the Sahara. It was a synoptic scale dust event considering that modeling results revealed dust sources ranging from Mauritania, Chad and Niger, Libya, Egypt and Sudan for the March 2004 dust event (Shao et al., 2010) .
Dry versus wet deposition
We observed that dust deposited in summer during rain events shows a larger number percentage of submicron particles and a slightly larger number percentage of coarse particles (30-100 lm) compared to summer dust deposited in the absence of rain (not shown). In addition, the summer samples were generally characterized by a weaker sorting as opposed to the winter samples ( Fig. 6a and b) .
During summer, Saharan dust transport takes place within the SAL at altitudes of $600-5500 m Carlson, 1970, 1972) . At higher altitudes, submicron particles are more abundant since they have low settling velocities and can be more effectively transported to higher altitudes by turbulence as opposed to coarse particles (Tsoar and Pye, 1987) . The settling of submicron particles from the atmosphere is controlled by Brownian diffusion and turbulent processes (Bergametti and Forêt, 2014) . Brownian diffusion accounts for particles with diameters smaller than 0.1 lm and can be neglected for the interpretation of our data since the detection minimum of the laser particle sizer is 0.4 lm. The deposition velocity due to turbulent processes is at a minimum (Bergametti and Forêt, 2014) . Consequently, the settling speeds of submicron particles might be too low in order to deposit from high altitudes by dry deposition. Therefore, wet deposition seems to be the general mechanism leading to elevated percentages of submicron particles in our summer dust samples. This is in accordance with the aircraft study of Carlson and Prospero (1972) suggesting that rainfall associated with the AEW disturbances leads to the wash-out of a dust fraction from the Saharan air entering the disturbance. The laser particle sizer records the diameter of a particle according to the axis which is oriented to the laser beam (Xu and Di Guida, 2003) . Thus, the availability of platy particles results in the measurement of small and large diameters depending on which side of the particle has been oriented to the laser beam during particle size analysis (Xu and Di Guida, 2003) . Consequently, a larger component of platy clay minerals in the summer samples may have led to generally broader particle-size distributions because both the short and the long axis of the clays were measured with the laser particle sizer.
We observed a weak positive relationship between the modal grain size and the lithogenic flux of the summer samples (R 2 = 0.4, not shown). Further, we observed a larger fraction of coarse particles in the summer samples deposited in time intervals including rain events (not shown). Hence, a larger fraction of coarse particles in the samples deposited in time intervals including rain events might be the result of a larger overall dust deposition during rain events. A few more particles >25 lm can result in a coarser modal grain-size value in the measured volume frequency distribution. Two summer samples of the year 2003 showed larger modal grain sizes for the same time interval at site CB compared to site CBi (Fig. 5) which is counterintuitive when considering the general source-to-sink decrease in particle size due to gravitational particle settling. However, the sampling time intervals of these summer samples were characterized by rain events, which suggests that wet deposition can overprint the gravitational settling signal in the sediment trap samples.
Wind speed of the dust-transporting atmospheric layer
The data suggested a positive correlation between the lower atmosphere wind strength (1010-850 hPa) and the deposited grain sizes of the background dust (modal grain size <25 lm) off Cape Blanc during the winter season (Fig. 7) . The distance traveled by a suspended particle (L) is given by the equation: (Tsoar and Pye, 1987) . Assuming a constant transport distance, the deposited particle size increases with increasing wind speed and coefficient of turbulent exchange and decreasing particle density (D 4 $ U2e/K 2 ). Hence, presuming a constant source region, the transport of larger particles to the sediment-trap location was facilitated by increased wind strengths. Small particles can travel even further with increased wind velocities due to their small gravitational settling velocity. As a result, the modal grain size of the deposited dust was shifted towards larger sizes with increasing wind velocity (Fig. 7) . During winter, dust is transported offshore Cape Blanc within the low-level trade winds with maximum velocities near the surface (Pye, 1987; Stuut et al., 2005) (Fig. 1) . This is why the correlation between the modal grain size and the wind strength is best for lower atmospheric levels (1010-850 hPa). Dust mostly originates from Mauretania and the coastal areas of the western Sahara (Lange, 1982; Stuut et al., 2005) . Hence, the transport distance is fairly constant during winter and the modal grain sizes of the deposited dust are solely determined by the trade wind pattern and strength. The transport at higher altitudes during summer in the SAL may explain the low correlation between the modal grain sizes of the deposited Saharan dust and wind strength in the trade-wind layer during summer and fall. However, we suggest that moist convection in the source region could have triggered the entrainment of large particles to higher altitudes, and that wet deposition by rainfall was the principle factor controlling the particle-size distribution at our trap sites during summer.
Transport processes in the water column
The grain-size distributions and lithogenic fluxes of the upper traps CBi 2-3 were compared to the grain size distributions of the lower traps CB 15-16 (Fig. 5) to investigate vertical particle transport processes in the water column. This investigation is feasible because minimal horizontal particle advection occurs in the study area (Ratmeyer et al., 1999b; Stuut et al., 2005) .
The modal and mean grain sizes and the standard deviations of the grain-size distributions correlated positively between the upper and the lower traps. A positive correlation is in accordance with the findings of Ratmeyer et al. (1999b) who investigated a one year synchronized grain-size time series of the upper and lower traps of the mooring site CB. They concluded that no significant particle alteration takes place during transport in the water column offshore Cape Blanc (Ratmeyer et al., 1999b) . Possible scavenging and ocean currents did not alter the initial particle size distributions as observed in the upper traps significantly. This supports that dust particles are transported as aggregates and not as single particles in the deep ocean offshore Cape Blanc (Fischer and Karakas, 2009; Ratmeyer et al., 1999b; Ternon et al., 2010) .
The grain sizes of the upper trap also correlated positively to the lower traps when applying a time shift to the lower trap time series, which is necessary due to the large vertical distance between the traps. Correspondingly, the seasonal peak in the modal grain sizes of the lower trap series was shifted towards late summer to early fall. This indicated that the particle size signal was transferred with a time delay due to the transport of the particles in (Fig. 4e ) might be associated with the observed coarse modal grain-size peaks. Therefore, a time delay of 5 (min.) to 19 (max.) days can be derived for the particles of the first dust storm event to settle from the upper to the lower trap within the same sam-pling interval and for the particles of the later dust storm event to settle into the next sampling interval of the lower trap at CB. As a result, the average vertical particle settling velocity was estimated to be from $121 to $460 m d À1 between the upper and lower traps. The estimated particle sinking speeds were in the range of the sinking speeds determined by major flux correlations between the upper and lower traps at site CB which is 265 m d À1 during summer (Fischer and Karakas, 2009 ). The two bimodal grain-size distributions of the lower trap series CB 16 (Fig. 5) probably represent additional input of coarse particles since the coarse peak cannot be found in the upper trap series CBi 3. The additional input of coarse particles might be explained by downslope migration of heavy particles which has been modeled for the region offshore Cape Blanc .
Implications for modeling and paleo-climatology
Measured data of dust emission for individual particle sizes are not available up to now (Shao, 2004) . Further, model predictions of dust emission from different dust models are not consistent (Shao et al., 2011) . The simplified dust emission scheme of Shao (2004) reflects that dust emission of a given particle size bin is proportional to the saltation mass transport and depends on the soil properties in the source regions. Our data suggest the emission and transport of a larger portion of large grains (>25 lm), possibly due to increased atmospheric turbulence, vertical mixing of air, and surface wind speed in the source regions due to cyclonic storms, AEW disturbances, and cold fronts. Therefore, these processes should be represented in climate models, e.g. through sufficiently high resolution.
In addition to the dust emission schemes, there are still uncertainties with respect to the dust deposition parameters in dust models (Shao et al., 2011) . Wet deposition is often estimated as a function of precipitation, scavenging and the airborne dust concentration. However, scavenging is dependent on parameters like the particle size or precipitation rates, and is therefore difficult to estimate. Our results showed that wet deposition of Saharan dust offshore Cape Blanc during the summer months is not only associated with increased deposition of submicron particles but also with increased percentages of large particles (>25 lm). This should be taken into account in further developments of scavenging parameterizations.
The grain size of the terrigenous fraction of sediment core records has been used frequently as a measure of paleo-wind intensity (Parkin, 1974; Rea, 1994; Sarnthein et al., 1981) . Further, the relative contributions of grain-size distribution end-members (Holz et al., 2007) as well as the median diameter (Matthewson et al., 1995) or coarse particle fluxes (Diester-Haass and Chamley, 1978) have been used as a proxy for wind intensity offshore NW Africa using sediment core samples. Our data confirm that the trade wind intensity can be related to modal grain sizes of the background dust (<25 lm) deposited offshore NW Africa with a high coefficient of determination of R 2 = 0.8 during the winter season. However, during the other seasons, dust mobilization and transport connected to convection on the continent, AEW and other synoptic-scale disturbances hinder the correlation between the trade winds and the background dust during these seasons. Sediment core records do not resolve seasonal variability and the sampling intervals rather represent time slices in the order of hundreds to thousands of years. As a result, the modal grain size of sediment core samples includes a signal of the mean winter trade-wind intensity, the intensity of moist convection on the continent during summer and fall as well as the intensity of dust storm events. Year-round dust storm events as well as two or more rainfall events lead to a large-amplitude grain-size response. Thus, yearround dust storm events and precipitation seem to be important environmental parameters with respect to the modal grain sizes of sediment core records.
The mean lithogenic flux of the anomalously coarse samples was calculated for each season. The results indicated that the mean lithogenic fluxes of the anomalously coarse samples were larger than the mean lithogenic flux of the background dust (not shown). Regarding the three years of the upper sediment trap series CBi under investigation coarse particles with a diameter larger than 25 lm contributed to 35% of the total deposited lithogenic sediment (not shown). An interseasonal comparison revealed that summer was the season with the largest contribution of coarse particles to the total sediment with 12% and fall the season with the smallest contribution with 6% (not shown). Further, we observed a weak positive relationship between the modal grain size and the lithogenic flux of the summer samples (not shown). Consequently, summer is an important season with respect to the deposition of coarse particles. However, the other seasons play a significant role as well.
The mean and maximum of the lithogenic flux of the upper sediment trap series CBi 1-3 under investigation reached their peaks during spring (not shown). A pronounced seasonal variability in dust deposition fluxes with highest dust fluxes during winter/spring has been observed near the Senegalese margin (Skonieczny et al., 2013) . A multidecadal particle flux record of the sediment trap mooring site CB located more offshore, however, indicates larger mean lithogenic flux during winter . The anomaly of the winter lithogenic flux, however, is smaller than the observed interannual variability in the lithogenic fluxes . Thus, winter and spring are important seasons with respect to the grain-size signal of sediment core records offshore northwestern Africa.
Consequently, the availability of dust-storm events during winter and spring may be the environmental factor that influences the variability in the grain-size distribution of sediment core records. However, coarse particle deposition during summer also plays an important role as reflected in the relatively large contribution of the lithogenic flux of coarse particles during summer to the total lithogenic flux. Therefore, the modal grain size of a sediment core sample offshore northwestern Africa should be mainly influenced by dust-storm events during winter/spring as well as dust-storm events and rainfall events during summer.
Conclusions
The grain-size distributions of the sediment trap mooring samples confirmed typical features of mineral dust blown offshore NW-Africa. Summer dust samples were characterized by generally coarser modal grain sizes and were less well-sorted. The grain-size distributions were influenced by various environmental factors depending on the season:
Wind speed (winter): the NE trade-wind speed at the mooring location was positively correlated with the modal grain size of the deposited dust (for modal grain sizes <25 lm).
Precipitation (summer): increased particle fluxes due to wet deposition explain larger modal grain sizes of the samples. Cold fronts (haboobs) lead to the deposition of anomalously coarse dust samples (modal grain sizes >25 lm).
Episodic dust storm events (year-round): cyclonic dust storms and haboobs lead to the deposition of anomalously coarse dust (modal grain sizes >25 lm).
The outcome of our study has implications for modellers and paleo-climatologists. The emission-and wet-deposition schemes of dust models can benefit from the information that larger particles are emitted than usually accounted for by models and that summer rainfall leads to elevated percentages of submicron as well as large dust particles. Further, the modal grain size of sedimentcore records obtained to reconstruct the climate history off NW-Africa is not only influenced by the paleo-trade-wind intensity, but also by the paleo-frequency of local precipitation and dust storm events, and by the paleo-intensity of moist convection in the source area.
